Abstract: Metallic gratings have drawn great attention over the past few years due to effective light trapping and power conversion efficiency enhancement in organic solar cells (OSCs). Novel OSCs incorporated short-pitch metallic grating into the conventional OSCs as the back electrode is presented. The optical and electrical properties of OSCs are investigated by applying the finite-difference frequency-domain method. It is found that the light absorption at 400-650 nm in the active layer is strongly improved, compared with the standard structure without metallic grating. The underlying physical mechanism is due to the surface plasmon resonance and the interaction between two neighbor gratings, which undoubtedly enhances the electrical properties such as shortcircuit current ðJ SC Þ, fill factor, and power conversion efficiency. Meanwhile, the optical and electrical properties of OSCs with different groove widths are also investigated. With an optimal groove width of 4 nm, the overall performance of OSCs is enhanced. This paper indicates that OSCs incorporated short-pitch metallic grating are promising candidates for high-performance OSCs.
Introduction
Organic solar cells (OSCs) have received much attention in recent years due to their unique properties such as light weight, low cost, easy fabrication, and low energy consumption [1] , [2] . However, low power conversion efficiency (PCE) for OSCs is a huge hindrance compared with inorganic solar cells. The reason of that is low exciton diffusion length and low carrier mobility limit the thickness of active layer [3] - [5] . Generally, the exciton diffusion length is only one hundred or even smaller. In order to realize the diffusion of exciton, the thickness of active layer is thin. The light cannot be absorbed effectively while the active layer has such a thickness; thus, the light absorption is depressed. Such depressed light absorption undoubtedly reduces the electrical properties of OSCs and makes low PCE, which leads to less-satisfactory performance for OSCs.
Inspired by the research of extraordinary optical transmission [6] , metallic gratings have been introduced into the active layer to improve the efficiency of light absorption [7] - [16] , which is due to surface plasmon resonance (SPR) being excited at the surface of metallic gratings. SPR is collective oscillation of the free electrons that is confined to surfaces and interacts strongly with light, which makes photon energy transfer to surface plasma. SPR usually occurs at the interface between a dielectric with the positive dielectric constant " d and a metal with the negative dielectric constant " m . Moreover, when Re ðÀ" m Þ > " d is satisfied, SPR can be excited. The light absorption can be enhanced due to SPR is excited and a large number of photons are trapped [13] . Meanwhile, due to short-pitch period structure applied in OSCs, the small separation between gratings makes strong interaction between neighbor metallic nanowalls. Such phenomenon further improves the light absorption. The electrical properties of OSCs [17] - [23] such as short-circuit current ðJ SC Þ, fill factor (FF) and PCE are undoubtedly improved as the enhanced light absorption leads to the improvement of exciton generation.
In order to investigate the optical and electrical properties of OSCs, Maxwell's equations and semiconductor equations must be solved rigorously. For more accurate calculation, the finitedifference frequency-domain (FDFD) [24] - [26] method is applied to solve these equations for simulating the optical and electrical process of OSCs. Compared with other methods such as the finite-difference time-domain (FDTD) [27] , [28] method, FDFD method is more appropriate. For noble metals with plasmonic effects, such as Ag and Au, the complex dielectric constants have be described by a large number of summation terms in Lorentz-Drude model with the FDTD method, which leads to a lots of CPU time. While FDFD method can directly use an experimentally tabulated dielectric constants of the dispersive materials. In most cases, the incident light is oblique. To treat the periodic boundary conditions particularly for the oblique incidence, FDFD method takes an important advantage over FDTD method. Moreover, FDTD method suffers from numerical dispersion and instability especially in a 3-D OSC structure while FDFD method is more stable and can use a variety of flexible difference techniques to improve the accuracy [29] .
In this work, a novel OSCs with metallic gratings incorporated into the active layer and small period of only 20 nm is proposed. To investigate the optical and electrical properties of OSCs numerically, FDFD method is applied. It is found that the light absorption in active layer can be strongly enhanced compared with standard structure due to the combined actions of SPR and small-pitch. Meanwhile, the absorption of different parts in active layer is investigated, which further that the structure with short-pitch plasmonic gratings can strongly enhance the light absorption. Since the optical properties are not enough to represent the overall performance of OSCs, the electrical properties such as J SC , open-circuit voltage ðV OC Þ, FF and PCE are also investigated. Compared with standard structure, the electrical properties are also improved for shortpitch plasmonic structure. By tuning the width of groove between neighbor gratings, the new effects on optical and electrical properties of OSCs are studied. When the groove width is 4 nm, the optical and electrical properties can be improved to a maximum. PCE for plasmonic structure with 4 nm groove width is enhanced by 51%. Therefore, the study of short-pitch plasmonic structure is of significantly importance to enhance the optical and electrical performance of OSCs.
Structure and Method
The standard structure of OSC in Fig. 1 (a) includes four parts ITO, PEDOT:PSS, P3HT:PCBM and Ag, where ITO as the transparent top electrode with 100 nm thickness, PEDOT:PSS with 50 nm thickness as the buffer layer and P3HT:PCBM as the active layer with the thickness of 106 nm. Ag electrode with 30 nm thickness is used here. Fig 1(b) shows the structure of plasmonic OSC with the Ag gratings embedded at the bottom of the active layer based on the standard structure. The width and height of the Ag grating are defined as W and H. And the small period is denoted by P. Meanwhile, for more convenient and accurate calculation, the perfectly matched layer (PML) and Mur hybrid absorbing boundary condition are employed at the top and bottom of structure to reduce the reflection. At the left and right of the structure, the periodic boundary condition (PBC) is applied. The incident light with the solar irradiance spectrum of AM 1.5 G enters the structure from ITO.
For investigating the optical properties of OSCs, the total field H z is obtained from the wave equation, which is illustrated as
where k 0 is the wave number of free space. Then, the FDFD method is employed to solve the equation and H z can be obtained. By Faraday's law of electromagnetic induction, the electric field ðEÞ can be easily obtained. The absorbed power density ðÞ is defined as
where ! is the angular frequency, " 0 is the permittivity in vacuum, Im½"ðÞ is the imaginary part of the complex dielectric constant in active layer, and ÁSa is the area of active layer. The exciton generation rate ðGÞ can be given as
where h is the Planck constant, n r and k i are, respectively, the real part and imaginary part of the complex refractive index of P3HT:PCBM, and À is the solar irradiance spectrum of AM 1. 5G. Since the electrical properties of OSCs are equally important for high performance OSCs, the semiconductor equations need to be solved for the electrical properties investigation. The semiconductor equations such as Poisson, continuity, and drift-diffusion equations are given as
where " is permittivity of active layer, is electrical potential, and n and p are the electron and hole densities respectively. In addition, n and p are the electron and hole mobility, D n and D p are the electron and hole diffusion coefficients. Here, exciton generation rate and recombination rate are defined as G and R. Electron and hole current densities are obtained from J n ¼ Àq n n þ qD n n and J p ¼ Àq p p À qD p p respectively. Besides, the boundary conditions play an important role in solving drift-diffusion equations and must be clarified. For the Shockley contact, the potential boundary condition is
where V a is the applied voltage, and W m is the metal work function. The Neumann boundary condition is applied at the left and right boundaries. At the top and bottom electrodes, the boundary conditions are given as
; for anode (9) where N c and N are the effective density of states of electrons and holes. n is the injection barrier between the LUMO and the cathode, and p is the injection barrier between the HOMO and the anode. k B is Boltzmann's constant, and T is the absolute temperature, respectively. The electrical parameters used are give in Table 1 .
In order to verify the correctness and reliability of the FDFD method, the J ÀV curves of one OSC are obtained by solving equations with FDFD method, where the model of that OSC can be found in [23] . Meanwhile, the comparison between our result and the result in [23] is given in Fig. 2 . The result obtained with FDFD method matches well with the reference result, which means FDFD method applied to investigate the electrical properties of OSCs is correct and reliable.
The Optical and Electrical Properties of Shot-Pitch Plasmonic Structure
First, the performances of short-pitch plasmonic structure and standard structure are studied, where the geometrical parameters of plasmonic structure are P ¼ 20 nm, W ¼ 4 nm and H ¼ 26 nm. The absorbed power density of P3HT:PCBM layer as the function of wavelength for the plasmonic structure and the standard structure is shown in Fig. 3(a) . From that, both plasmonic structure and standard structure are broadband over the wavelength range from 400 nm and 650 nm. Differently, the absorption of plasmonic structure in 550-650 nm wave band has obvious improvement compared with standard structure as SPR is excited at that wave band. Then, the P3HT:PCBM layer is divided into planar part and groove part for further analysis. The absorption of different parts in P3HT:PCBM layer are analyzed in Fig. 3(b) . The absorption of planar part, similar to standard structure in Fig. 3(a) , does not show strong absorption in 580-650 nm wave band. Conversely, the absorption of groove part shows obviously strong absorption in that wave band. As a result, the absorption enhancement in 580-650 nm wave band is mainly contributed to groove part.
Moreover, the field distributions of both H z and E x for plasmonic structure at different wavelengths are investigated. The results are shown in Fig. 4 . Four wavelengths are denoted, which are 1 ¼ 400 nm, 2 ¼ 430 nm, 3 ¼ 590 nm, 4 ¼ 635 nm. In Fig. 4(a) , the H z field varies along y -axis and no change along x -axis. The strong magnetic field is mainly located on the top layer and the surface of Ag grating. From the distribution maps of E x field, strong electrical fields are distributed on the surface of Ag grating and groove area. According to equation (2) , this means light absorption is strong at these two areas. At 2 ¼ 430 nm, E x field is mainly concentrated inside the groove area while E x field of 3 (590 nm) is accumulated inside the groove and at the corners of the groove opening. At 4 (635 nm), both the areas inside the groove and at the corners of the groove opening display strong E x field. However, at 4 (635 nm), the E x field at the corners of the groove opening is stronger than that inside the groove, while it is the opposite at 3 (590 nm). Moreover, the magnitude of E x at 4 is several times larger than that at 3 . This means SPR is excited at 4 and a large number of photons are trapped, and thus, light absorption is strongly enhanced. That is consistent with Fig. 3(b) . In Fig. 4(b) and (c) , the H z maps of 2 and 3 still change less along x -axis, while at 4 , H z field is distorted. This demonstrates SPR is excited at 4 once again. Since the electrical properties are equally important for high-performance OSCs, the current and voltage characteristics are investigated, and the results are shown in Fig. 5 . From the J ÀV curves, the improvement of J SC for plasmonic structure by 30% can be observed compared to standard structure due to the metallic gratings incorporated and SPR excited. However, V OC is not improved accordingly, it almost has no change. Besides, the more main parameters of OSCs are displayed in Table 2 . MP and PCE of plasmonic structure have improvement than that of standard structure, which are resulted from the J SC improvement, but FF has less change.
The Groove Width Effect on Optical and Electrical Properties
In this part, the effect of groove width on the optical and electrical properties can be investigated. Based on the plasmonic structure with P ¼ 20 nm, W ¼ 4 nm, and H ¼ 26 nm, the light absorption is studied when just tuning the groove width ðW Þ, and the results are shown in Fig. 6(a) and (b) . Fig. 6(a) indicates that light absorption is concentrated in 450-500 nm and 580-650 nm wave band. When the groove width is smaller than 4 nm, the absorption is just reduced slightly. However, when the groove width is larger, the absorption is reduced strongly. The reason is that the interaction between two neighbor metallic walls is intensive due to the small period structure in our work. With the increase of groove width, the interaction between them must be weakened and the absorption is reduced accordingly. In Fig. 6(b) , it can be seen clearly that the absorption has a slight change when the groove width is smaller than 4 nm, while it has an obvious reduction when the groove width is larger than 4 nm.
For the investigation of the electrical properties of plasmonic OSCs, the exciton generation rate should be obtained first. From Fig. 7(a) , the largest average generation appears when the groove width is 4 nm. With the lessened groove width, the average generation has a small reduction while the average generation has reduced greatly with the increasing groove width. That results from the varied absorption as the function of groove width [see Fig. 6(b) ]. In Fig. 7 (ii), when the groove width is 4 nm, the generated exciton is mainly located inside the groove and at the corners of the groove opening due to the combined action of SPR and strong interaction between neighbor nanowalls. With the smaller groove width [W ¼ 2 nm in Fig. 7(i) ], the exciton generated is concentrated inside the groove due to the stronger interaction between the neighbor nanowalls. In Fig. 7 (iii) with W ¼ 6 nm and Fig. 7(iv) with W ¼ 14 nm, the generated excitons of these two groove widths are both located inside the groove and at the corners of the opening groove, but the interactions between neighbor nanowalls are smaller with the increase of groove width.
Finally, the electrical properties of plasmonic OSCs are investigated as shown in Fig. 8 . Fig. 8(a) is the J ÀV curves of plasmonic structure with different groove width. From that, the maximum J SC can be seen when groove width is 4 nm. However, the structure with smaller or larger groove width contributes to J SC reduction. Since the recombination rate of free charge carriers is extremely small, J SC can be approximately equal to qGL. The electron charge ðqÞ and the thickness of active layer ðLÞ are constant, J SC mainly depends on the exciton generation rate ðGÞ. Thus the variation tendency of J SC in Fig. 8(b) (ii) matches with that of G in Fig. 7(a) . V OC has no significant change as the increasing groove width in Fig. 8(b)(i) . The variation tendencies of FF and PCE is similar to J SC in Fig. 8(b) (ii). With the optimal groove width ðW ¼ 4 nmÞ, PCE is improved 52.9% compared with standard structure.
Conclusion
Based on a conventional OSC, a novel OSC with metallic gratings embedded into the bottom of active layer and small period of only 20 nm is design in this work. The absorption for that novel structure can be enhanced over a broadband wavelength especially in 550-650 nm wave band compared with the standard structure. The reason of absorbed enhancement is found by investigating the absorption spectra of different P3HT:PCBM parts and the distributions of H z and E x . Meanwhile, the overall performance is improved by investigating the electrical properties of that short-pitch plasmonic structure. Moreover, the effect of the groove width on the optical and electrical properties of OSCs is studied. With optimized groove width ðW ¼ 4 nmÞ, the light absorption and J SC can be greatly improved and PCE is enhanced from 1.72% (standard structure) to 2.60% (short-pitch plasmonic structure). Our investigation for both optical and electrical properties of short-pitch plasmonic OSCs helps us to better understand the overall performance of OSCs.
